Background. Sexually transmitted infections (STIs) are associated with an increased risk of human immunodeficiency virus (HIV) infection, but their biological effect on HIV susceptibility is not fully understood.
preclinical testing of biomedical HIV prevention strategies. Because of the high STI prevalence among individuals at high risk for HIV infection [3, 4, 6] , rigorous testing of these strategies in the context of STIs would help to ensure broad efficacy of prevention methods among varying populations.
A current focus of HIV prevention research is identifying effective preexposure prophylaxis (PrEP) strategies for high-risk groups. PrEP with Truvada was recently approved by the Food and Drug Administration for use in men who have sex with men (MSM), HIV-discordant couples, and other highrisk populations (eg, injection drug users) [7, 8] . However, some PrEP strategies in women have shown limited efficacy (as in the CAPRISA cohort) or no efficacy (as in the VOICE and FemPrEP cohorts) [9] [10] [11] . In addition to addressing adherence issues, it is also important to investigate biological factors that could lower PrEP efficacy in women, such as reproductive hormone levels, coinfections, and inflammation in the female genital tract. We and others have used female pig-tailed macaques to study topical and systemic PrEP efficacy [12, 13] and HIV susceptibility factors unique to the female host [14] . These macaques model human female reproductive tract physiology, have year-round lunar menstrual cycles, and can be vaginally infected with simian/HIV (SHIV) without progestin treatment. In these macaques, using a repeat, low-dose SHIV challenge model, we showed that susceptibility to SHIV infection is inconsistent throughout the menstrual cycle and peaks during the late-luteal and menses phases [14, 15] . With repeated low-dose exposures in pig-tailed macaques, we can carefully study factors affecting HIV susceptibility by evaluating completed menstrual cycles during virus exposures (as opposed to challenges required for infection) to account for the varying susceptibility a woman experiences throughout her menstrual cycle [13, [16] [17] [18] . We recently established a pig-tailed macaque model of concomitant STI and HIV infection [19] , providing an effective system with which to assess effects of both STIs and hormonal changes on susceptibility to vaginal SHIV transmission.
Studies of macaques with concomitant STI and HIV infection are limited, with only Crostarosa et al reporting on the effect of herpes simplex virus type 2 (HSV-2) infection on SHIV susceptibility in Depo-Provera-treated rhesus macaques [20] . Yet a macaque STI model could be used to conclusively assess whether these infections do in fact increase the risk of HIV infection, to investigate associated mechanisms, and to rigorously assess HIV prevention methods. The study described here uses our previously developed pig-tailed macaque triple infection STI-SHIV model [19] to evaluate the effect of non-ulcerative STIs (ie, Chlamydia trachomatis and Trichomonas vaginalis infections) on SHIV susceptibility. Patton et al have established C. trachomatis infection models in several macaque species, investigated Chlamydia and SHIV coinfection in pig-tailed macaques, and have also studied T. vaginalis infection in pig-tailed macaques [21] [22] [23] [24] . C. trachomatis and T. vaginalis were also selected because infections with these pathogens are epidemiologically associated with an increased risk of HIV infection and are highly prevalent among individuals at high risk for HIV [3, 6, 25, 26] . From an early report by Laga et al, women with Chlamydia or Trichomonas infections were almost 4 and 2 times as likely, respectively, to become HIV-positive [3] . These pathogens induce tissue inflammation and may also cause abrasions to the genital tract epithelium, potentially facilitating access of virus to target cells [27] [28] [29] [30] . Cell populations involved in clearing STIs are also targets for HIV infection (and for simian immunodeficiency virus [SIV] and SHIV infections), particularly in the case of C. trachomatis and T. vaginalis [30] [31] [32] [33] [34] . It is hypothesized these combined factors increase susceptibility to mucosal HIV transmission. This current study incorporates methods developed in our laboratory [19] and the Patton laboratory and reports increased susceptibility to SHIV infection among macaques coinfected with C. trachomatis and T. vaginalis, introduces possible mechanisms for enhanced susceptibility in vaginal transmission, and indicates a definitive role for these coinfections in the risk of HIV infection, apart from sexual or behavioral practices alone. Moreover, this study establishes a macaque model of genital tract inflammation for studies of high-risk HIV transmission and prevention.
METHODS

Macaques and Study Design
Sixteen female pig-tailed macaques (Macaca nemestrina) were housed and studied at the Centers for Disease Control and Prevention (CDC). All procedures were approved by the CDC Institutional Animal Care and Use Committee in accordance with the Guide for the Care and Use of Laboratory Animals (National Academy Press, Washington, DC). Enrolled macaques were evaluated during a baseline period lasting 8-12 weeks, during which blood specimens and genital secretions were collected and progesterone levels monitored to determine menstrual cycle phases (Figure 1 ). Plasma samples were assayed for progesterone levels at the Wisconsin National Primate Research Center. Day 1 of the menstrual cycle was designated as the first sampling time point after the steep decline in progesterone levels [14] . Daily observations of perineal tumescence [35] and detection of menstrual blood supplemented and confirmed determinations of progesterone-based menstrual cycle phase.
During the STI inoculation period, 9 macaques received inoculations of C. trachomatis and T. vaginalis, and 7 macaques received sham inoculation medium (control macaques). SHIV challenges began a median of 9 days after the start of the menstrual cycle (range, 5-18 days), and STI inoculations preceded challenge start by 2 weeks (Figure 1 ). Specimens of blood and genital secretions were collected, and STI diagnostic tests and colposcopy were performed.
Sample Collection
Blood was collected in cell preparation tubes and fractionated by centrifugation. Plasma aliquots were stored at −80°C. Genital secretions were collected twice weekly by placing ophthalmic sponges at the cervical os for 3 minutes to absorb secretions and were processed as described by Castle et al [36] . Eluates were stored at −80°C. Sponge eluates were available for analysis from 7 STI-positive macaques and 5 control macaques. Genital secretions were also collected for STI diagnostic tests, performed according to respective kit protocols.
STI Inoculation and Diagnostic Tests
C. trachomatis serovar D (1 × 10 6 inclusion-forming units) was applied twice, at a one-week interval, directly to the cervical mucosa, as previously described [19] (Figure 1 ). Control animals received sham inoculation media (sucrose-phosphate glutamate) [19] . C. trachomatis infection was monitored with the APTIMA Combo 2 test (Gen-Probe, San Diego, CA). T. vaginalis was propagated in culture and applied directly to the vaginal mucosa (5 × 10 6 trichomonads), as previously described [19] . T.
vaginalis infection was monitored with the Trichomonas InPouch culture system (BioMed Diagnostics, White City, OR). Clinical signs of both STIs (mucosal erythema, edema, petechiae, abrasions, ulcerations, and/or discharge) were observed by colposcopy and documented with a standardized questionnaire [19] . At study conclusion, STI-positive macaques were administered azithromycin and metronidazole to clear C. trachomatis and T. vaginalis infections, respectively.
SHIV SF162p3
Challenge, Detection, and Virus Level Measurement ) and propagated at the CDC on pig-tailed macaque peripheral blood mononuclear cells. Macaques were challenged twice weekly in a repeat low-dose challenge model [37] for up to 20 challenges or until SHIV infection was confirmed. Previous studies used this virus stock at a challenge dose of 50 tissue culture infective doses (TCID 50 ), but in this study a 5-fold lower, suboptimal challenge dose (10 TCID 50 ) was used to delay infections in control macaques to potentially better observe enhanced susceptibility with STIs. An in-house real-time polymerase chain reaction (PCR) assay was used to measure SHIV RNA levels, as previously described [19, 38] . Levels were reported as the number of SHIV RNA copies per milliliter of plasma. Two subsequent SHIV RNA-positive plasma samples were required before ceasing challenges. Infections were confirmed with an in-house SHIV proviral real-time PCR assay and enzyme immunoassay (EIA) detection of HIV envelope-specific antibodies (Bio-Rad HIV-1/HIV-2 Plus O EIA, Hercules, CA).
Analysis of Infections, Using Completed Menstrual Cycles During Virus Exposures
Pig-tailed macaques have lunar menstrual cycles, and their susceptibility to vaginal SHIV infection varies during the menstrual cycle [14, 15] . Thus, in this repeated low-dose vaginal challenge study, infection data and susceptibility were evaluated by analyzing the number of completed menstrual cycles during virus exposures (thus, 1 full menstrual cycle is equivalent to 1 SHIV susceptibility period). Menstrual cycle patterns of each macaque were determined by analyzing progesterone levels ( Figure 2 and Supplementary Materials). For the analysis, a completed menstrual cycle begins on the start day of SHIV challenges in 1 cycle and ends on that same day in the following menstrual cycle. Subsequent complete cycles were similarly determined. We then determined the first day of SHIV RNA detection and the deduced day of SHIV infection by subtracting a 7-day period from the SHIV RNA detection date, to correct for the period between infection and quantifiable RNA detection (often referred to as a viral eclipse period; Figure 2 and Supplementary Figure 1 ). For example, in Figure 2 , challenges began in macaque DA53 on day 5 of the menstrual cycle, with the first complete cycle ending on day 5 of next cycle. In this animal, because plasma SHIV RNA was detected on day 14 of the second cycle, SHIV infection was deduced as having occurred on day 7 of that cycle. Because the deduced day of infection (day 7) occurred outside the first completed menstrual cycle, we concluded that 2 cycles were required for SHIV infection ( Figure 2 ). The same rationale was applied to all macaques, and descriptions are provided for each macaque in Supplementary Figure 1 and summarized in Supplementary Table 1 .
Measurement of Cytokine and Chemokine Levels
Cytokine and chemokine levels were assayed from both plasma and genital secretion eluates, using a Luminex assay format. Levels of interferon γ (IFN-γ), interleukin 2, interleukin 4, interleukin 10 (IL-10), tumor necrosis factor α, interleukin 8, monocyte chemoattractant protein 1, macrophage inflammatory protein 1α and 1β, and RANTES were measured with the Figure 1 . Study design. Analyses focused on 3 primary study stages: baseline, sexually transmitted pathogen (or sham media) inoculation period, and simian/human immunodeficiency virus (SHIV) challenge period. Abbreviations: CT, Chlamydia trachomatis; TV, Trichomonas vaginalis. Progesterone levels were measured once or twice weekly for 8-12 weeks during baseline (and throughout SHIV challenge period) to accurately assess menstrual cycle phase.
Invitrogen Monkey Cytokine and Chemokine 5-Plex panels. Interleukin 6 (IL-6), interleukin 12, interleukin 17, and granulocyte colony-stimulating factor (G-CSF) levels were determined with single-plex kits (Invitrogen catalog nos. LPC0001, LPC0002, LPC0061, LPC0121, LPC0171, and LPC2031, respectively; Carlsbad, CA). For genital secretions, levels were normalized on the basis of the weight of collected secretions. Levels were reported as picograms per milliliter of plasma or secretion. Statistical analysis of median levels per subject was performed with the Holm-Bonferroni correction [39] .
RESULTS
Confirmation and Management of STIs
Dual C. trachomatis and T. vaginalis infections were confirmed in each STI-inoculated macaque (n = 9) within one week of inoculation. STI-positive animals had clinical signs such as mucosal erythema, edema, and discharge, and in 3 macaques, petechiae on the cervical mucosa were observed. Colposcopy images of representative STI-positive and control macaques are shown in Figure 3 . In STI-positive macaques, clinical signs were most severe 7-10 days after inoculation with C. trachomatis and T. vaginalis, with erythema and discharge persisting to varying degrees throughout the study. Normal, menstrual-related discharge was observed in both groups.
Increased Susceptibility to SHIV Infection in STI-Positive Macaques
The start of virus exposure varied between days and 5-18 of the menstrual cycle, but the range of menstrual cycle challenge start days was similar by study group (see methods). All (9 of 9) STI-positive animals became SHIV infected, and 89% (8 of 9) were infected within 1 menstrual cycle. The remaining STIpositive animal (animal DA53) was SHIV infected within 2 menstrual cycles (Figure 2 and Supplementary Materials). Only 57% of controls (4 of 7) became SHIV infected, despite up to 20 SHIV challenges over the course of 3 menstrual cycles. For uninfected macaques, only completed menstrual cycles were assessed, regardless of additional exposures in subsequent, incomplete cycles (eg, animals DK52, PHQ1, and 96Po17; Figure 2 . Representative menstrual cycle time line, relative to simian/human immunodeficiency virus (SHIV) susceptibility periods. Progesterone levels were plotted and used to determine menstrual cycle day, with day 1 of each cycle designated as the day following the steep decline in the hormone level. For analysis purposes, 1 menstrual cycle equals 1 SHIV susceptibility period, and during SHIV exposures, a single susceptibility period was defined from the menstrual cycle day on which SHIV challenges began until the same respective day in the following cycle, as indicated by gray shading. Macaques which became infected within 1 menstrual cycle had a deduced viral eclipse-corrected day of infection within the first susceptibility period, or in the case of DA53 (as shown), SHIV infection occurred in the second menstrual cycle, requiring 2 susceptibility periods for infection. For uninfected macaques in the control arm, up to 3 susceptibility periods were observed without infection (Supplementary Materials). Supplemental Figure,) . Figure 4 depicts the Kaplan-Meier survival analysis among STI-positive macaques, compared with controls. STI-positive macaques were infected within fewer menstrual cycles, compared with controls, indicating an enhanced susceptibility to SHIV infection due to STI coinfection (P = .04, by the log-rank test). These data are corroborated by Fisher's exact analyses comparing the number of cycles with and the number without SHIV infection between the 2 study groups (P = .02) The ratio of infection probabilities (ie, the number infected per total number of menstrual cycles), or relative risk, in STI-positive animals, compared with control animals, was 2.5 (95% confidence interval, 1.1-5.6).
Association of SHIV RNA Detection With Menstrual Cycle Phase
Plasma SHIV RNA detection was plotted in temporal relation to the respective menstrual cycle day for all SHIV-positive macaques. SHIV RNA detection was more commonly observed later in a menstrual cycle in STI-positive macaques, compared to controls (P = .01, by the Wilcoxon test; Figure 5 ). The median day of SHIV RNA detection for STI-positive animals was day 19 of the menstrual cycle, compared with day 4 among 4 control animals. The observation among control animals was similar to our previous mean viremia detection on day 6 in 19 STInaive pig-tailed macaques in a previous study [14] .
Effect of STI Coinfection on SHIV Plasma Viremia
Plasma SHIV RNA levels were monitored twice weekly. Longitudinal plasma virus levels were not significantly different between study groups (P > .05, by area under the curve and generalized estimating equations analyses; Figure 6A ). For SHIV-uninfected macaques 96Po17, DK52, and PHQ1, levels were undetectable and were excluded from analyses. For STI-infected macaques, the median peak plasma virus level was 7.7 log 10 (range, 5.69-9.20 log 10 copies/mL), compared to 6.4 log 10 among controls (range, 5.42-7.02 log 10 copies/mL; Figure 6B ). This difference was not significant (P = .2, by the Wilcoxon test).
Cytokine and Chemokine Analyses
In genital mucosal secretions, significant differences between study groups were observed for levels of both inflammatory ( Figure 7A-C) and HIV-inhibitory/anti-inflammatory (Figure 7D-F of 7 in the control group), the sampling time point at which plasma SHIV SF162p3 RNA was first detected was plotted by the respective day of the menstrual cycle. Plasma progesterone levels were monitored throughout the study course, and day 1 was defined as the time point immediately following the steep progesterone decline (as described in Figure 2 ). Plasma SHIV SF162p3 RNA in STI-positive animals (grey bars) was detected later in the menstrual cycle, compared with controls (black bars; P = .01, by the Wilcoxon test).
SHIV challenge phases, compared with STI-positive animals (Figure 7D-F; P ≤ .002, by the Wilcoxon test). Cytokine and chemokine levels were intermittently detectable and lower in plasma, with only modest differences between study groups (P > .05) for IL-6 and IFN-γ during the SHIV challenge period (data not shown).
DISCUSSION
This study is the first to determine the effect of C. trachomatis and T. vaginalis infection on the risk of HIV infection in a nonhuman primate model, and we observed a 2.5-fold risk of infection among macaques coinfected with these sexually transmitted pathogens. This difference in susceptibility was similar to those found by Crostarosa et al in a study of HSV-2/SIV coinfection, in which 100% of Depo-Provera-treated, HSV-2-infected macaques (6 of 6) became SIV infected, compared with only 46% of controls (6 of 13; P < .05) [20] , equating to approximately twice the risk. With the exception of HSV-2 infection, limited animal data are available on effects of STIs on HIV susceptibility. Our data describe a biological link between 2 non-ulcerative genital tract infections and an enhanced risk of HIV infection. Although epidemiological associations between STIs and the risk of HIV transmission have been reported [1, 3] , the role of STIs, particularly non-ulcerative STIs, in HIV risk has been debated because of sexual and behavioral confounders. However, this study's findings, coupled with those of the study by Crostarosa et al [20] , definitively associate STIs with an increased risk of HIV infection and provide plausible mechanisms of susceptibility.
We hypothesize that the mechanism of increased susceptibility is genital tract inflammation and potential recruitment of SHIV target cells, and evidence of cervicovaginal inflammation was observed in this cohort. In the HSV-2 study by Crostarosa et al, increased susceptibility was noted after lesions healed, suggesting that ulcerations may not be the only factor contributing to the increased risk [20] . Instead, resulting inflammation may underlie enhanced susceptibility to SHIV infection. In this study, clinical STI signs peaked 7-10 days after infection and then waned by 4-6 weeks after infection. Related to this, we observed increased levels of inflammatory mediators in STIpositive macaques during the STI inoculation period, which persisted during SHIV challenges (Figure 7 ). These inflammatory mediators elicit the recruitment and activation of potential viral target cells and increase blood permeability in tissues, which could enhance susceptibility to mucosal SHIV transmission. Moreover, Poli et al described the ability of IL-6 to induce HIV replication and propagate an inflammatory state [40] , while others reported an association between HIV infection and elevated systemic and genital IL-6 levels [41, 42] . Additionally, the suppression of RANTES may also increase susceptibility by increasing concentrations of unbound CCR5 viral coreceptors [43] . Even STI treatment may not fully reduce inflammatory effects on susceptibility. Crostarosa et al observed an increased susceptibility to SIV, despite resolution of herpetic lesions [20] . Fichorova et al noted that even the common treatment for trichomoniasis, metronidazole, may amplify the parasitic inflammatory response [44] . Also, Garcia-Lerma et al reported that natural dATP substrate levels in target tissues affected the efficacy of tenofovir-based prevention methods [45] ; this balance of substrate levels could be disrupted by inflammation and cell infiltrate. It is plausible that STI-induced inflammation and cell recruitment may alter drug substrate concentrations, thereby decreasing the efficacy of reverse transcriptase-based prevention approaches. These collective data provide new insight for the consideration of STI confounders in clinical HIV studies, microbicide trials, or vaccine trials because of the likelihood of lingering inflammation after acute Figure 6 . A, Longitudinal plasma simian/human immunodeficiency virus (SHIV) RNA levels. Log 10 SHIV RNA levels plotted (y-axis) for sexually transmitted infection (STI)-positive (grey dashed) and control (black solid) animals, relative to the time of peak viremia (x-axis). Differences in levels in SHIVinfected animals between the 2 study groups were not statistically significant (96Po17, DK52, and PHQ1 were excluded from analyses as uninfected macaques). B, Peak plasma SHIV RNA levels. No significant difference was noted between SHIV-infected, STI-positive (grey) and control macaques. Hash indicates median levels.
infection or treatment increasing HIV susceptibility. Moreover, the targeted demographic for these interventions experiences a high STI prevalence with possible recurring infections amplifying risk. We intend to use this concomitant STI-HIV coinfection model to address these questions and rigorously test PrEP and microbicide modalities to ensure broad efficacy. The use of nonhuman primate STI coinfection models for evaluation of biomedical preventions may better inform the selection of microbicides or vaccines for human clinical trials.
To our knowledge, this is the first report on SHIV susceptibility studies using a STI coinfection and SHIV repeat low-dose model in pig-tailed macaques. The study by Crostarosa et al used noncycling, progesterone-treated macaques receiving single SHIV challenge doses [20] . This model does not account for varying susceptibility due to the menstrual cycle or for effects of physiologically relevant repeated, low-dose virus exposures. In cycling pig-tailed macaques, SHIV susceptibility varies during the cycle; therefore, differences in susceptibility per SHIV challenge precluded analyses of the numbers of exposures to infection, as was previously performed [37] . Instead, we considered numbers of completed menstrual cycles during exposures to assess increased risk or susceptibility to infection, as has been recently implemented [13, [16] [17] [18] . Also, to better observe enhanced susceptibility, we used a suboptimal virus dose, with the hope of delaying infections in the controls, relative to the expected accelerated onset of infections in STI-positive animals.
We found that control macaques either became infected later in their first cycles or remained uninfected over multiple cycles, rather than experiencing delayed infections throughout. This finding was unexpected and raises the possibility that minor variability in individual animal susceptibility may be exacerbated when very low-dose virus challenges are used, thus reducing power. Alternative macaque model designs to evaluate susceptibility, such as an animal infectious dose, as described in the study of Schistosoma mansoni-SIV coinfection performed by Chenine et al [46] , could be explored.
Interestingly, SHIV RNA in STI-positive animals was more often detected later in a menstrual cycle ( Figure 5 ), compared with real-time controls and with 19 historic controls (data not shown [14] ), when SHIV RNA was detected earlier in a menstrual cycle. If a 7-day correction factor is used to account for the time between exposure and our detection of viral RNA, STI-positive animals would have primarily been infected earlier in the menstrual cycle, compared with controls. This was an unexpected finding. It is unclear why STIs might widen the window of susceptibility to SHIV infection, relative to the menstrual cycle. Our data suggest that STIs may negate the hypothesized innate level of resistance during the follicular phase [14] . STIs may induce a chemokine and cytokine milieu (decreased RANTES, eotaxin, and IL-10 expression and increased IL-6, IFN-γ, and IL-1β expression; Figure 7 ) that recruits and activates viral target cells and also increases blood vessel density Figure 7 . Median per-subject levels of cervicovaginal (mucosal) cytokines. Analytes measured from available samples of 7 sexually transmitted infection (STI)-positive and 5 control macaques. Median levels of the inflammatory markers interleukin 6 (IL-6; A), granulocyte colony-stimulating factor (G-CSF; B), and interferon γ (IFN-γ; C) were significantly higher during the sexually transmitted pathogen inoculation period in STI-positive animals, compared with control animals (P = ≤ .01, by the Wilcoxon test); levels of IFN-γ remained higher during the SHIV challenge period (P = .01). Median levels of the human immunodeficiency virus-inhibitory chemokines RANTES (D) and eotaxin (E) and the downregulatory cytokine interleukin 10 (IL-10; F ) were significantly higher in control animals versus STI-positive animals during both the STI inoculation and SHIV challenge phases (P ≤ .002, by the Wilcoxon test).
to a level typically seen only in the late luteal phase. Thus, the milieu could convert this thick epithelium from a protective barrier to a tissue that facilitates virus entry and infection. Another possibility is that a synergistic relationship may exist between STI-induced discharge and menstrual cycle-related discharge that more efficiently transports virus to target cells and tissues. Further research is needed to characterize target cell infiltration, mucus, and mucosal immunity during STIs to explain early transmission events when STIs are present. Additionally, most STI-positive animals went through a luteal phase without becoming SHIV infected (For example, Supplementary Figure 1D ). Again, this was an unexpected finding and is an area for future study to better understand dynamics of SHIV infection in the context of STI coinfection.
Our data show that C. trachomatis and T. vaginalis coinfection increases the risk of SHIV infection in pig-tailed macaques. A similar susceptibility enhancement may also exist for other highly prevalent, non-ulcerative STI pathogens, such as Neisseria gonorrhoeae or Mycoplasma genitalium. Furthermore, our model of concomitant STI and HIV infection can be used to comprehensively evaluate the efficacy of HIV prevention modalities in the context of STIs, as it is possible that PrEP efficacy may be diminished in the presence of genital tract infections. The collective goals from these data are to both inform public health policy and implement highly effective intervention methods for a combined approach to HIV prevention.
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